The complete sequence of the spike (S) gene of the Brl/87 isolate of porcine epidemic diarrhoea virus (PEDV) was determined from cDNA clones. The predicted polypeptide was 1383 amino acids long, contained 29 potential N-linked glycosylation sites and showed structural features similar to those of the coronavirus spike protein. The PEDV S protein, like that of the members of the transmissible gastroenteritis virus (TGEV)-related subset, lacks a proteolytic site to yield cleaved amino and carboxy subunits S1 and $2. Viral polypeptide species of the expected Mr, i.e. 170K/190K, were observed in PEDV-infected cells. Sequence comparison confirmed that, within the subset, PEDV was most closely related to the human respiratory coronavirus HCV 229E. However, PEDV S protein has an additional 250 residue N-terminal domain which is absent from HCV 229E and porcine respiratory coronavirus, the respiratory variant of TGEV. Alignment of the S1 regions revealed a second domain of about 90 residues with increased sequence divergence which might possibly express virus-specific determinants.
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The complete sequence of the spike (S) gene of the Brl/87 isolate of porcine epidemic diarrhoea virus (PEDV) was determined from cDNA clones. The predicted polypeptide was 1383 amino acids long, contained 29 potential N-linked glycosylation sites and showed structural features similar to those of the coronavirus spike protein. The PEDV S protein, like that of the members of the transmissible gastroenteritis virus (TGEV)-related subset, lacks a proteolytic site to yield cleaved amino and carboxy subunits S1 and $2. Viral polypeptide species of the expected Mr, i.e. 170K/190K, were observed in PEDV-infected cells. Sequence comparison confirmed that, within the subset, PEDV was most closely related to the human respiratory coronavirus HCV 229E. However, PEDV S protein has an additional 250 residue N-terminal domain which is absent from HCV 229E and porcine respiratory coronavirus, the respiratory variant of TGEV. Alignment of the S1 regions revealed a second domain of about 90 residues with increased sequence divergence which might possibly express virus-specific determinants.
Porcine epidemic diarrhoea virus (PEDV) causes an acute enteritis in pigs, with a pathological impact on pig farming in many countries (Debouck & Pensaert, 1980; Pensaert, 1986) . The information recently derived from partial sequencing of the viral RNA of two isolates confirmed its previously tentative classification as a member of the Coronaviridae. Four major open reading frames (ORFs) have been identified in the 4 kilobases nearest to the 3' end of the genome (Bridgen et al., 1993; Duarte et al., 1993a) . Three of them encode the distinctive coronavirus structural proteins N (nucleocapsid), sM (small membrane) and M (membrane). The fourth ORF, designated ORF3 and located upstream of the sM gene, encodes a product of unknown function which, given its observed polymorphism, may be dispensable for virus replication in cell culture. Comparative analysis of the amino acid sequences predicted from each of these ORFs with those encoded by other coronaviruses led to the proposal that PEDV belongs to the same genetic subset as transmissible gastroenteritis virus (TGEV), feline infectious peritonitis virus (FIPV), canine coronavirus (CCV) and human respiratory coronavirus HCV 229E (Duarte et al., 1993b) .
The aim of the present study was to determine the complete nucleotide sequence of the PEDV spike protein gene (S). Besides their central role in the induction of The DNA sequence data reported but not shown in this paper have been deposited in the EMBL Data Library under accession number Z25483. the immune response, coronavirus S proteins mediate essential biological functions such as recognition of target cells and fusion of viral and cellular membranes (for a review see Spaan et al., 1988) . The prediction of structural features of the PEDV S protein is of potential help in elucidating aspects relative to both molecular pathogenesis and the determination of phylogenetic relationships within the coronavirus genus.
The PEDV S gene of the British isolate Brl/87 was cloned as a series of six cDNA clones (Fig. 1) . All of them except pBE8 were selected from a lambda Zap expression library, which was constructed using poly(A) + RNA from virus-infected cells and screened following procedures described elsewhere (Duarte et al,, 1993a) . As previously mentioned, the 5' end of clone pBE5 encoded a sequence assumed to correspond to the endodomain of the S protein (Duarte et al., 1993a) . The clones pBE6 and pBE7 were obtained by screening the library with 5' end-labelled 20-mer oligonucleotides derived from the pBE5 and pBE6 sequences, respectively. The pBE8 clone was produced by polymerase chain reaction on reverse transcribed total RNA using pl 2 and p20 primers and blunt-ended-cloning in an EcoRV-cut, non-dephosphorylated pBS SK(-) vector. Primer p12 was derived from a nucleotide stretch present at the 5' end of two previously isolated clones and deduced to be part of the leader sequence (Duarte et al., 1993 a) . Further screening of the library with an 800 bp CtaI-EcoRI fragment of pBE8 allowed the isolation of the clones pBEll and pBE13. Nucleotide sequence determination was performed by automated sequencing of shotgunned 
"lilllllllllliillllilllll~liillilllilllllllllJlllllillillil~ DNA from clones pBE6 and pBE7, and of doublestranded DNA from clones pBE8 to pBE13 using PEDVspecific primers. The resulting sequence data led to the construction of a continuous stretch extending 4t61 nucleotides (nt) upstream of the ORF3 initiator AUG. It appeared that the clones pBE7, -11 and -13 each contained a single large deletion of 2757, 6120 and 4262 nt, respectively, retaining 258 to 384 nt of the genome 3' end non-coding region upstream of the poly(A) stretch. Such clones might have been derived from defective viral RNA molecules generated during passaging of the virus.
A single large ORF of 4149 nt was identified which has the potential to encode the coronavirus S protein. Eight nt upstream is a sequence GUAAAC which is similar to the hexameric motifs XUA(A/G)AC found adjacent to other PEDV ORFs (Duarte et al., 1993a) and assumed to act as starting sites for the transcription of the subgenomic mRNAs (reviewed by Lai, 1990) . The initiation codon of the PEDV S gene is in a context not frequently used for the initiation of protein synthesis (Kozak, 1981) . It allows the translation of a 1383 amino acid (aa) polypeptide with a predicted M r of 151K and containing 29 potential Asn-linked glycosylation sites. The first AUG is followed by a short hydrophobic stretch assumed to be involved in membrane translocation of the S polypeptide. The highest scoring position for signal peptidase cleavage was found to be after Pro-20, although a cleavage after Ser-18 cannot be excluded (von Heijne, 1986) . Inspection of the PEDV S polypeptide does not reveal any dibasic residues related to the motifs RRX(R/H)R which have been identified as the sites at which murine hepatitis virus (MHV), bovine coronavirus (BCV), and avian infectious bronchitis virus (IBV) S proteins are cleaved to yield S 1 (amino-half) and $2 (carboxy-half) polypeptides (Luytjes et al., 1987; Abraham et al., 1990; Binns et al., 1985) . Overall the predicted features of PEDV S are consistent with our experimental data, assuming that the majority of the glycosylation sites are functional. Indeed, two high M r species were detected in SDS-PAGE analysis of labelled material from PEDV-infected cells, one appearing as a discrete band of Mr 170K_+5K, the other as a more heterogeneous band with average Mr 190K_+ 10K (Fig. 2) . These are likely to correspond to the species previously characterized for TGEV: the coreglycosylated precursor 175K (S') and the mature 220K (S), respectively (Delmas & Laude, 1991) . With the exception of the 27K and 58K polypeptides, thought to correspond to the M and N proteins, no other major species could be detected. This result differs from that of an earlier report on the CV777 isolate of PEDV, in which a prominent glycosylated 95K protein, but no species around 200K, was found to be associated with viral particles purified from intestinal perfusate of an infected pig (Egberink et aI., 1988) . Recently, however, 180K/ 200K species reacting with an anti-PEDV monoclonal antibody (MAb) were identified in a lysate from cells infected with the same isolate (Knuchel et al., 1992) . Taken together, these findings lead us to propose that the native PED¥ S protein is uncleaved, like the S of the other members of the TGEV-related subset.
A computer-aided, pairwise comparison of the PEDV S amino acid sequence with the published coronavirus S sequences was made. This confirmed the already observed greater genetic relatedness of PEDV with the TGEV-related subset than with the MHV-related subset and IBV (Bridgen et al., 1993; Duarte et al., 1993a) . A multiple alignment of the S protein sequences of PEDV, TGEV, FIPV, CCV and HCV 229E was therefore constructed in order to allow a structural comparison of the molecules (Fig. 3) . One noticeable feature is a series of five short deletions (2 to 16 aa; boxed in Fig. 3 ) that occur at similar positions in the PEDV and HCV sequences. The largest, located between positions 742 and 743 in PEDV S protein, encompasses the vestigial, non-functional cleavage sequence found in TGEV, FIPV and CCV. These features confirm our earlier proposal of a closer relationship between PEDV and HCV 229E, despite an apparently greater divergence of their S sequences as compared to that found for their other ORFs. Indeed, the levels of identity found by comparing PEDV and HCV 229E to each other or individually to TGEV, FIPV and CCV did not differ significantly; thus, PEDV S showed 60"6% ($2 region) and 37"0% (S1 region) identity with HCV 229E S, against 59.6 to 60.0 % (S1) and 35-5 to 35.9% ($2)when compared to each of the three above viruses.
With 296 aa residues common to the five viruses, the $2 region appears to be the most conserved. This reflects the presence of structurally important determinants which have been identified in this part of the S molecule. Close to the C terminus, there is a stretch of hydrophobic residues (positions 1322 to 1337 in PEDV S), which is predicted to form an a-helix and to function as a membrane anchor. Incidentally, the flanking sequence KWPWWVWL is identical in PEDV and HCV 229E and differs by one aa from the sequence KWPWYVWL which was shown to be conserved in all S protein genes sequenced to date (Raabe et al., 1990) . The downstream, 46 aa presumably intra-virion domain contains six Cys residues strictly conserved within all the members of the subset. The PEDV $2 ectodomain was predicted to contain two large amphipathic a-helices with a heptad periodicity (option helicalwheel from UWGCG software; overlined in Fig. 3) . One of them, located 10 aa towards the N terminus from the putative transmembrane segment, overlaps a previously identified leucine zipper motif (Britton et al., 1991) . Both of these structures have been proposed to be engaged in interchain, coiled-coil interactions within the oligomeric spike . Alternatively, the leucine zipper structure might be involved in the fusion activity of the S protein (Grosse & Siddell, 1993) .
Inspection of the alignment in the S1 region, assumed to constitute the globular part of the coronavirus spike, revealed two domains exhibiting an increased divergence compared to the remaining part of the sequence. The first is composed of the 250 N-terminal residues. If one excludes the FIPV/CCV pair (Horsburgh et aI., 1992) , this domain shows a high level of divergence, as was previously noted for the TGEV/FIPV pair (Jacobs et al., 1987) . Furthermore, it has no counterpart in the S sequence of HCV 229E (Raabe et al., 1990) or of porcine respiratory coronavirus, the respiratory variant of TGEV (Rasschaert et al., 1990 ) not included in the alignment. In contrast, PEDV encodes a large S molecule, thus strengthening our earlier speculation that this domain may play some role in the expression of the enteric tropism . The second domain with less conservation is located at positions 552 to 638 (underlined twice in Fig. 3) . Here there is a stretch of nearly 90 residues with only two residues (i.e. 2.3 %) conserved among the S sequences, whereas in the remaining part the sequences (except the N-terminal 250 residues) exhibit a minimum of 20% identity. Interestingly, this domain overlaps a region of the TGEV S protein which has been reported to contain the major neutralization-mediating epitopes. All the point mutations able to confer neutralization resistance to the relevant MAbs have been localized within this 90 aa region (Delmas et al., 1990; Gebauer et al., 1991) . This observation can be correlated with the lack of crossneutralization between PEDV and the other members of the subset. Furthermore, a 26K fragment generated by collagenase digestion of TGEV S protein was found to have retained its reactivity with the neutralizing MAbs, thus indicating that its spatial conformation is maintained independently from the rest of the molecule (Delmas et al., 1990) . Finally, when including the MHV S amino acid sequence in the present alignment (not shown), it appeared that the large deletion found in the MHV-JHM strain S protein, which itself encompasses shorter deletions found in other strains or mutants of MHV (Parker et al., 1989) , also mapped within this region. Altogether, these observations lead us to propose that the approximately 90 aa, less conserved sequence 
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• ooo Fig. 3 . Multiple alignment of the predicted PEDV S protein sequence with those of CCV, FIPV, TGEV and HCV 229E. The alignment was constructed and displayed using the Pileup and Pretty-Case options of the UWGCG package (Devereux et al., 1984) . Conserved Cys and Pro residues are in bold face. The putative cleaved signal sequence of PEDV S is underlined. Three predicted e-helix regions referred to in the text are overlined. Short deletions unique either to PEDV and HCV 229E or to TGEV, FIPV and CCV sequences are boxed. Dots beneath the consensus sequence indicate the residues which are also conserved in MHV, BCV and IBV. A large region of the alignment with only a few residues in common is underlined twice. The relative position of the large deletion in the MHV-JHM S sequence is shown by brackets. Other sequence data are from Horsburgh et al. (1992 , Rasschaert & Laude (1987) and Raabe et al. (1990) .
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represents a domain for which the structural constraints are different from those existing in the rest of the molecule and possibly is a (or is part of a) folding module. Such a domain would be a candidate for carrying determinants involved in the expression of host and tissue specificity of the viruses belonging to the TGEV-related subset.
